Vault RNAs (vtRNA) are small, 88-100nt non-coding RNAs found in many 13 eukaryotes. Although they have been linked to drug resistance, apoptosis and nuclear transport, 14 their function remains unclear. Here we show that a human vtRNA, RNA1-1, specifically binds 15 to the autophagy receptor sequestosome-1/p62. Antisense-mediated depletion of vault RNA1-1 16 augments, whereas increased vault RNA1-1 expression restricts, autophagic flux in a p62-17 dependent manner. Bulk autophagy induced by starvation reduces the levels of vault RNA1-1 18 and the fraction of RNA-bound p62. These findings show that RNAs can act as riboregulators of 19 biological processes by interacting with proteins, and assign a function to a vault RNA. 20 not peer-reviewed)
Main Text: Eukaryotic small non-coding RNAs, such as miRNAs, siRNAs, tRNAs, and 1 snoRNAs, etc., function as scaffolds that recruit protein complexes to complementary RNA 2 sequences. Whether small non-coding RNAs might have additional functions is less clear. 3 Vault RNAs (vtRNA) are small non-coding RNA components of giant ribonucleoprotein 4 particles termed vaults (1). Humans express four vtRNA paralogs (vtRNA1-1, vtRNA1-2, 5 vtRNA1-3, vtRNA2-1), which are 88-100nt long and transcribed by RNA polymerase III. Vaults 6 are found in a broad spectrum of eukaryotes ranging from slime moulds to mammals (2). 7 Although vaults can occur at 10,000 to 100,000 particles per cell and have been linked to cellular 8 processes like drug resistance, apoptosis and nuclear transport (3), the function of vaults or vault 9 RNAs remains unclear. Sedimentation experiments showed that only a minor fraction of vtRNAs 10 is incorporated into vaults (4, 5), suggesting they may have functions outside of vault complexes. 11 Autophagy is an essential process responsible for the recognition, removal and 12 degradation of intracellular components, organelles and foreign bodies within membrane vesicles 13 termed autophagosomes (6, 7) . Specific receptors including sequestosome-1/p62 bind 14 ubiquitinated cargos and deliver them to autophagosomes by interaction with LC3 proteins (8) . 15 Subsequently, the autophagosomes enclose and fuse with lysosomes to degrade their contents. 16 Here we show that the autophagy receptor p62 is an RNA-binding protein that binds vault 17 RNAs. We further demonstrate that vault RNA1-1 can control the autophagic flux via p62 at an 18 early stage in the autophagic pathway. Thus, we have identified vault RNA1-1 as a riboregulator 19 of autophagy. 20 We recently developed a mass spectrometry-based method for the proteome-wide 21 identification of RNA-interacting peptides in RNA-binding proteins (RBPs), termed RBDmap 22 (9) . We performed RBDmap on human hepatocellular carcinoma HuH-7 cells and isolated 23 peptides from both known and previously unknown RBPs (10) (Table S1, Supplementary 1 Materials and Methods). Among these, we identified a peptide mapping to the zinc finger 2 domain of p62, suggesting that p62 interacts with RNA through this domain. None of the known 3 autophagy receptors have been shown to directly bind RNA (11, 12) , and we therefore explored 4 this further. 5 We verified the p62-RNA interaction by multiple approaches. First, we exposed HuH-7 6 cells to UV-C light to covalently stabilize direct RNA-protein interactions, and purified 7 crosslinked RNA-binding proteins from lysates using oligo-(dT) coupled beads (13). We 8 confirmed the presence of p62 in the isolated RNP complexes by Western blotting (Fig. 1A) . In a 9 complementary approach, we immunoprecipitated (IP) p62 from UV-treated cells after lysis, 10 followed by radioactive labeling of RNA 5' ends (14) . We observed a radioactive signal with a 11 molecular weight corresponding to p62 (Fig. 1B) . RNase treatment of the lysates prior to the IP 12 reduced the heterogeneity in band migration, and confirmed the p62-crosslinked entity as RNA 13 (Fig. 1B) . Proteomics analysis of the IPs indicated that p62 is the major purified protein at the 14 size of the radioactive signal appearance (Table S2) . Therefore, p62 is an RNA-binding protein. 15 To further investigate the p62-RNA interaction, we mutated positively charged or 16 aromatic amino acids within the RNA-binding region implicated by RBDmap (Fig 1C and D) . 17 We evaluated tagged p62 variants in HuH-7 cells by IP and RNA labeling. We found that 18 substitution of the conserved residue K141 within the zinc finger domain of p62 appeared to 19 decrease RNA binding ( fig. S1A) , however the oligomerization of endogenous wild-type p62 20 with this p62 variant interfered with the analysis. We depleted endogenous p62 from HuH-7 cells 21 by RNAi and, consistent with the above data, the p62-K141A variant showed a substantial 22 reduction in RNA binding compared to p62-wt. RNA binding was further reduced in the 23 R139/K141-AA variant (RK/ A, Fig. 1E) . These data corroborate the RBDmap result and suggest 1 that the zinc finger domain of p62 is important for its interaction with RNA in vivo. 2 To identify the RNA targets bound by p62 we performed iCLIP, which identifies RNA-3 protein contacts through crosslink sites (CS) (15) . We sequenced RNAs that co-immuno-purified 4 with p62 using two independent antibodies (and the respective controls, fig. S1B and C) . All 5 four vault RNAs (vtRNAs) were among the high confidence p62 RNA targets, scoring at the top 6 in the CS density analysis (Table S3 ) as well as in the RNA class enrichment analysis, 7 respectively ( fig. S1D) . Differential CS occurrence of individual RNAs isolated from p62 or 8 control IPs, respectively, placed the vtRNAs prominently in the p62 target list ( Fig. 2A , Table   9 S4). Knock down (KD) of p62 did not affect vtRNAs levels ( fig. S1E and F) , suggesting that 10 p62 does not regulate vtRNAs stability. Thus, p62 binds a restricted set of RNAs with vtRNAs 11 being the top targets, but it does not mediate vtRNAs degradation. 12 Closer inspection revealed that p62 preferentially interacts with looped regions within the 13 central domains of vtRNAs ( Fig. 2B and fig. S2 ). Overexpression of the vtRNA1-1 central 14 domain has previously been shown to confer anti-apoptotic effects independently of vaults (16), 15 therefore we further investigated the interaction of p62 with vtRNA1-1. We established a UV 16 crosslinking and electrophoretic mobility shift assay (EMSA) to evaluate the p62-vtRNA1-1 17 interaction in vitro. Incubation of radiolabeled vtRNA1-1 and MBP-tagged p62 led to the 18 formation of labeled, higher molecular weight RNP complexes (Fig. 2C) . We found that the 19 K141A and RK/A substitutions reduced the formation of these RNP complexes, consistent with 20 the in vivo observations. RNase treatment after crosslinking diminished non-specific interactions, 21 resulting in a protected RNA fragment bound to monomeric MBP-p62 (90 kDa) (Fig. 2C) . The 22 K141A and RK/A substitutions abolished this RNase-resistant RNA fragment. These findings 23 mirror the analysis of p62 mutants in vivo, and suggest that the p62-vtRNA1-1 interaction 1 requires residues within p62 zinc finger domain. 2 To explore a possible function of the p62-vtRNA1-1 interaction in autophagy, we 3 overexpressed vtRNA1-1 in HuH-7 cells and monitored autophagic flux by assessing LC3B 4 conjugation from LC3B I to LC3B II during autophagosome assembly and p62 levels, reflecting 5 autolysosomal degradation. Increasing vtRNA1-1 levels reduced LC3B conjugation and induced 6 p62 protein accumulation in a dose-dependent manner ( Fig. 3A and S3A ), suggesting decreased 7 autophagic flux. Overexpression of other vault RNAs did not significantly affect the LC3B-8 II/LC3B-I ratio ( Fig. 3B and S3A ). Treatment with bafilomycine A 1 (BafA), an inhibitor of 9 autophagosome-lysosome fusion that leads to the accumulation of mature autophagosomes, 10 restored the LC3B conjugation ratio in cells overexpressing vtRNA1-1 ( Fig. 3B) . This result 11 suggests that vtRNA1-1 overexpression did not disturb autophagosome turnover but rather 12 restricted autophagic flux. Further, LNA-mediated KD of vtRNA1-1 resulted in a dose-13 dependent decrease in p62 levels and increased LC3B conjugation ( Fig. 3C and S3B) . KD cells as compared to control cells. These experiments suggest that the removal of vtRNA1-1 17 did not inhibit autophagosome turnover and that vtRNA1-1 affects early stages of autophagy via 18 p62. 19 Next, we investigated the role of the p62-vtRNA1-1 interaction during bulk cytosol 20 autophagy induced by amino acid and serum starvation. During bulk autophagy, p62 supports the 21 increased autophagic flux (17), and also serves as degradation substrate (18). Indeed, cells that 22 are starved in the presence of BafA show pronounced expression and co-localization of 23 6 autophagosomal LC3B and p62 ( fig. S4A ). We found that the p62-RNA interaction gradually 1 decreases during 6 hours of starvation and that this reduction is exacerbated by BafA treatment 2 ( Fig. 4A and B) . These data indicate that bulk autophagy decreases the fraction of RNA-bound 3 p62 relative to total p62, and that p62 destined for lysosomal degradation no longer binds RNA. 4 Consistent with this hypothesis, we found that RNA-bound p62 is enriched in the detergent-5 soluble subcellular fraction and depleted from the vesicular/nuclear and membrane debris 6 fractions ( Fig. 4C) . For p62, these data reveal an anti-correlation between engagement with RNA 7 and engagement with the autophagy apparatus, suggesting that RNA binding interferes with 8 p62's function during autophagosome formation at an early stage of autophagy. 9 In addition, the levels of vtRNA1-1, but not other vault RNAs, drop significantly in HuH-10 7 cells after 6 hours of starvation (Fig. 4D) . The starvation-induced decrease in vtRNA1-1 levels 11 is not a result of co-degradation with p62, because neither the KD of p62 nor the treatment with 12 BafA significantly restored vtRNA1-1 levels (Fig. 4D) . The decrease in vtRNA1-1 levels 13 correlates with and possibly causes a decrease in the fraction of RNA-bound p62 during 14 starvation-induced autophagy ( fig. S4B ). Of relevance, PolIII transcription at the vtRNA1-1 15 locus is dynamically controlled by its repressor MAF1, which in turn is activated by starvation 16 (19), suggesting that starvation represses the transcription of vtRNA1-1. Thus, bulk autophagy 17 leads to a concurrent decrease in vtRNA1-1 levels and the fraction of p62 associated with RNA. 18 Here we show that the small non-coding RNA vtRNA1-1 regulates autophagic flux 19 through the autophagy receptor p62, assigning a function to the first member of this enigmatic 20 family of non-coding RNAs described more than 30 years ago (1). Future work will address the 21 functions of the interaction of the other members of the vault RNA family with p62. Moreover, it 22 will be illuminating to unravel the mechanistic and structural details of how vtRNA1-1 controls Mol Biol Evol 26, 1975 -1991 (2009 transcribed_unitary_pseudogene 28235 0,82 0,00 1,68 0,00 0,00 0,00 0,00 0,00 0,00 0,00 macro_lncRNA 205012 0,79 1,44 1,97 0,68 0,91 0,00 1,29 1,48 7,00 0,00 processed_pseudogene 8047388 0,58 1,18 1,05 1,07 1,22 1,03 0,90 1,58 0,87 1,34 processed_transcript 25693208 0,56 0,50 0,44 0,51 0,35 0,64 0,38 0,51 0,54 0,35 protein_coding_intron 1229641747 0,50 0,50 0,45 0,35 0,57 0,49 0,59 0,52 0,57 0,43 antisense 116193196 0,41 0,37 0,37 0,40 0,29 0,27 0,31 0,25 0,25 0,30 sense_overlapping 6952261 0,28 0,27 0,28 0,15 0,20 0,54 0,32 0,48 0,44 1,21 transcribed_processed_pseudogene 4749013 0,26 0,24 0,27 0,16 0,57 0,44 0,35 0,57 0,65 0,69 3prime_overlapping_ncrna 194829 0,24 0,38 0,37 0,20 0,00 2,12 1,81 0,00 0,00 0,00 TEC 1757413 0,24 0,17 0,16 0,17 0,21 0,00 0,10 0,17 0,35 0,00 lincRNA 217616266 0,23 0,22 0,23 0,20 0,26 0,19 0,25 0,25 0,30 0,28 transcribed_unprocessed_pseudogene 15883155 0,22 0,23 0,20 0,17 0,25 0,29 0,28 0,23 0,26 0,09 unitary_pseudogene 4077426 0,21 0,20 0,20 0,18 0,18 0,20 0,20 0,00 0,25 0,11 polymorphic_pseudogene 572666 0,08 0,06 0,00 0,00 0,32 0,00 0,46 0,00 1,79 0,00 unprocessed_pseudogene 12920475 0,06 0,06 0,07 0,04 0,19 0,19 0,11 0,19 0,13 0,36 sense_intronic 4990054 0,05 0,06 0,09 0,06 0,02 0,08 0,04 0,00 0,08 0,00 pseudogene 3547420 0,02 0,05 0,07 0,06 0,37 0,12 0,00 0,00 0,00 0,00 IG_C_pseudogene 9112 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 IG_D_gene 851 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 IG_J_gene 1198 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 IG_J_pseudogene 165 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 IG_V_pseudogene 69688 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 translated_unprocessed_pseudogene 44659 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 TR_D_gene 39 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 TR_J_gene 4308 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 TR_J_pseudogene 299 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 TR_V_gene 61855 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 TR_V_pseudogene 13064 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 vaultRNA_pseudogene 102 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 TR_C_gene 638633 0,00 0,00 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,00 IG_C_gene 1898345 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 IG_V_gene 441901 0,00 0,00 0,05 0,05 0,00 0,00 0,00 0,00 0,00 0,00
